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The vaporization of condensed materials in contact with high-current discharge plasmas is
considered. A kinetic numerical method named direct simulation Monte Carlo~DSMC! and
analytical kinetic approaches based on the bimodal distribution function approximation are
employed. The solution of the kinetic layer problem depends upon the velocity at the outer boundary
of the kinetic layer which varies from very small, corresponding to the high-density plasma near the
evaporated surface, up to the sound speed, corresponding to evaporation into vacuum. The heavy
particles density and temperature at the kinetic and hydrodynamic layer interface were obtained by
the analytical method while DSMC calculation makes it possible to obtain the evolution of the
particle distribution function within the kinetic layer and the layer thickness. ©2001 American








































The vaporization of a heated surface interacting with d
charge plasmas has a great interest for different applicat
such as ablation controlled arcs,1 pulsed plasma thrusters,2,3
high-pressure discharges,4 vacuum arcs,5 electroguns,6 and
metal evaporation by laser radiation action.7 I most models,
the rate of evaporation is calculated using the Langm
relationship8 that is, however, limited to the case of vapo
ization into vacuum.
Anisimov9 considered a case of vaporization of a me
exposed to laser radiation using a bimodal velocity distri
tion function in the nonequilibrium~kinetic! layer. The main
result of this work is the calculation of the maximal flux
returned atoms to the surface, which was found to be ab
18% of the flux of vaporized atoms. This result was obtain
under the assumption that the atom flow velocity is equa
the sound velocity at the external boundary of the kine
layer. In many physical situations, however, the expansio
the vapor is not by the sound speed since there is a d
plasma in the volume discharge. Beilis10,11 analyzed metal
vaporization into discharge plasmas in the case of a vac
arc cathode spot. He concluded that the parameters a
outer boundary of the kinetic layer are close to their equi
rium values and that the velocity at the outer boundary of
kinetic layer is much smaller than the sound velocity. In bo
the analyses mentioned above, no information is provi
about the change of the particle velocity distribution functi
from a nonequilibrium state to an equilibrium state inside
kinetic layer.
In the present article we study the nonequilibrium lay
close to the evaporating surface using the particle met
known as direct simulation Monte Carlo~DSMC!.12 It will






















evolution of the particle distribution function within th
layer. The numerical simulation results will be compar
with the analytical results for the case when the vapor vel
ity at the outer boundary of the kinetic layer is given as
parameter.
II. MODEL OF THE NONEQUILIBRIUM LAYER
In this section we will present two different kinetic mod
els ~particle simulation and analytical approach! for the non-
equilibrium layer near the evaporating surface.
A. Particle simulation
In the nonequilibrium layer near the surface there
collisions between particles that eventually lead to a cha
of the distribution function. The DSMC method uses partic
motion and collisions to perform a simulation of gas dyna
ics under nonequilibrium conditions. Each particle has s
tial and velocity coordinates. The collision approach betwe
particles is based on a probability model developed from
kinetic theory and commonly used in DSMC.12
To perform the DSMC simulation we have to speci
conditions at two boundaries~ ee Fig. 1!. At the evaporating
surface with densityn0 and temperatureT0 , the velocity




expS 2 mV22kT0D , Vx.0. ~1!
At the outer boundary of the kinetic layer the distributio
function for particles is assumed to be
f 1~V!5n1S m2pkT1D
3/2
expS 2m ~Vx2V1!21Vy21Vz22kT1 D , ~2!















































3096 J. Appl. Phys., Vol. 89, No. 6, 15 March 2001 Keidar et al.where V1 is the velocity,n1 is the density, andT1 is the
temperature. These boundary conditions are suppleme
by using an empirical relation betweenT0 and n0 . As an
example, we have used the equilibrium vapor pressure
the case of Teflon in the form2
P05Pc exp~2Tc /T0! and n05P0 /kT0 , ~3!
whereP0 is the equilibrium pressure,Pc51.84310
20N/m2
and Tc520 815 K are the characteristic pressure and te
perature obtained empirically. The physical meaning of
characteristic pressure and temperature is that the equ
rium pressure equalsPc when vapor reaches the temperatu
of Tc . The calculations are performed assuming that va
consists of CF2 molecules at a surface temperature in t
range 550–650 K that is typical for an electrothermal puls
plasma thruster.3
The DSMC model employed in the present article h
the following strategy. Uniform cells 0.5l in size are em-
ployed, and time stepDt50.3l/Vm,s ~Ref. 13! wherel and
Vm,s5(2kT0 /m)
0.5 are the molecular mean free path and t
most probable thermal speed at the ablated surface. M
ecules enter the flow field successively from the surface
to evaporation, and from the outer boundary due to Maxw
ian velocity distribution that allows particle velocities in th
negative direction. Using the assumption about the distri
tion function at the surface and at the external boundary E
~1! and ~2! we can calculate the flux of molecules enteri
from the surface,Gs , and from the outer boundary of th








0.5. The molecular interaction is de
scribed by the variable hard-sphere~VHS! model.12 The
VHS model is employed to select molecular collision pa
from cells and to distribute the postcollision velocities. Th
model assumes that the scattering from molecular collisio
isotropic in the center of mass frame of reference.12 Both
boundaries~wall and outer boundary of the kinetic layer! are
assumed to be perfectly absorbing. The flow will arrive a















steady state when the sum ofGs andGb is exactly balanced
by the flux of molecules leaving from the outer boundary
sticking on the surface:
Gs1Gb5Gr1Gf , ~6!
whereGr is the flux of the particles returned to the surfa
during the time step andGf is the flux of the particles cross
ing the outer boundary of the layer.
In the DSMC approach, in order to calculate the evo
tion of the distribution function inside the kinetic layer, w
have to specify the thickness of the layer in units ofl. The
parameters at the outer boundary of the kinetic layer~n1 and
T1! and the flux of returned particles are calculated a
function of the distance of the location of the outer bound
of the layer and of the velocity at this boundaryV1 .
B. Analytical approach
Let us consider the analytical approach developed
Refs. 9–11, where the vapor parametersT1 and n1 at the
outer boundary can be obtained without information ab
the layer thickness. This means that the problem is redu
to integration of the conservation equations of mass, mom
tum, and energy across the layer.9 We consider a nonequi
librium layer ~thickness of about a mean free pathl! adja-
cent to the surface~as shown in Fig. 1!, where the velocity
distribution function of the evaporated molecules reach
equilibrium by the rare-field collisions with the backgroun
heavy particles and furthermore the vapor flow is describ
by a hydrodynamic approach. Using Anisimov’s assumptio9
that the velocity distribution function for the returned pa
ticles (Vx,0) is b f 1(V), whereb is the proportionality co-
efficient, the relation of the heavy particle parameters at
outer boundary of the kinetic layer in the case of an arbitr























where d05m/2kT0 , d15m/2kT1 , erfc(a)512erf(a), and
erf(a) is the error function. The equation system~7! is ob-
tained using the boundary conditions~1!–~3! and the conser-
vation laws of mass, momentum, and energy across
layer.9,10 By calculating the parameters at the outer bound













































The system of equations~7! has four unknowns and therefor
the solution can be found having one unknown as a par
eter, which is the velocityV1 at the outer boundary of th
kinetic layer in our case.
III. RESULTS
DSMC calculations and a comparison with the analyti
predictions for the flux of returned atoms is shown in Fig
where the thickness of the kinetic layer is used as a par
eter. One can see that in the case of small velocitya
<0.5) at the outer boundary all results agree well. This is
case when the thickness of the nonequilibrium layer is ab
one mean free path. In the case when evaporation occu
about the sound velocity at the outer boundary, the DS
calculations approach the analytical value at a layer thickn
of ;10–20 mean free paths.
The calculation of the backflux dependence with d
tance inside the layer whena51 is presented in Fig. 3. I
can be seen that in the case whenV1 is about the sound
velocity, the flux of the returned molecules depends upon
distance from the evaporating surface where the exte
boundary is placed. Thus up to a layer thickness of abou
mean free paths, the flux changed strongly and then
weakly saturated. The DSMC calculation predicts a 16% fl
of returned particles, which is very close to the analyti
result of 18%. The reason for this difference can be und
stood by analyzing the velocity distribution function of r
turned particles in the DSMC calculation.
Results of the DSMC calculation of the velocity distr
bution function and comparison with the analytic approxim
tion b f 1(V) are shown in Fig. 4~a! for the case of sound
velocity at the outer boundary. One can see that the distr
tion functions remain different in the case of a 100l kinetic
FIG. 2. Comparison of the analytic and DSMC return flux as a function
velocity V1 with the distance of location of the outer boundary of the kine


















layer thickness. This is not the case when the velocity at
outer boundary of the kinetic layer is small as shown in F
4~b!, where the DSMC distribution function agrees well wi
the analytic approximation. Therefore it is not surprising th
the calculated flux of returned particles is also found to be
good agreement with the analytical result. It should be no
f
FIG. 3. The DSMC calculated return flux as a function of the distance
location of the outer boundary of the kinetic layerL in the case of sound
velocity at the boundary 1.
FIG. 4. Variation of the velocity distribution function of the returned pa
ticles near the wall with the distance of location of the outer boundary
the kinetic layer L as a parameter.~a! V15(5kT1/3m)

















































3098 J. Appl. Phys., Vol. 89, No. 6, 15 March 2001 Keidar et al.that the discontinuity in the analytical distribution functio
@Fig. 4~b!# is the result of the definition of the distributio
function of the returned particles~Sec. II B!.
The evolution of the particle distribution function withi
the Knudsen layer is shown in Fig. 5 for the caseV1
5(5kT1/3m)
0.5. One can see that the velocity distributio
function approaches a drifted Maxwellian at a distance
several mean free paths from the surface. The drift velo
slightly increases with further distance from the evaporat
surface.
The results of calculation of the analytic system of eq
tions ~7! are presented in Fig. 6 with the normalized veloc
V1 as a parameter. The temperatureT1 , densityn1 , and the
flux of returned particlesJ2 all decrease as the velocity a
the outer boundary of the kinetic layer increases. In the l
iting case of the sound velocity, the flux of returned partic
is equal to 18% as was obtained by Anisimov.9 In this case
the analytically predicted flux of returned particles is larg
than that obtained by numerical simulations~16%, see Fig.
3!. It should be pointed out that the dependence of the flu
FIG. 5. Variation of the velocity distribution function~ ormal to the surface
component! with the distance from the evaporated surface as a param
The thickness of the kinetic layerL5100l andV15(5kT1/3m)
0.5.
FIG. 6. Parameters~temperature, density, and returned flux! at the outer









returned particlesJ2 on the velocityV1 has a minimum near
the sound speed~see Fig. 6!. The minimum corresponds to
the sound speed with adiabatic index 1.3. This fact as we
the overestimate of the returned particle flux is connec
with the assumption in the analytical approach of the form
the particle velocity distribution for the particles returned
the evaporating surface, i.e., that the distribution function
the returned particles is proportional to the distribution fun
tion at the outer boundary of the kinetic layer.9
IV. SUMMARY
Two kinetic approaches, namely the particle meth
~DSMC! and bimodal distribution function approach we
employed to describe the parameters in the nonequilibr
kinetic layer near the evaporating surface. DSMC calculat
makes it possible to establish the thickness of the kin
layer and the evolution of the particle distribution functio
within the layer. The thickness of the kinetic layer and t
vapor density and temperature in the kinetic layer adjacen
the evaporating surface depend upon the velocity at the o
boundary of the layer. We have found that the thickness
the kinetic layer increases from a few mean free pathsl in
the case of small velocity up to about 10–20l in the case of
the evaporation with sound speed at the outer boundar
the layer. Comparison of the DSMC and analytical resu
indicates that the analytical model predicts correctly the fl
of returned particles over a wide range of velocity at t
outer boundary of the layer. The present model can be u
for calculation of the rate of evaporation of the heated s
face interacting with a plasma. The free parameter of t
model, the velocity at the outer boundary of the layer, can
determined by coupling this model with a model of the h
drodynamic layer and the plasma bulk.
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